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MATERIAL AND INTERACTION PROPERTIES OF SELECTED
GRAINS AND OILSEEDS FOR MODELING DISCRETE PARTICLES
J. M. Boac,  M. E. Casada,  R. G. Maghirang,  J. P. Harner III
ABSTRACT. Experimental investigations of grain flow can be expensive and time consuming, but computer simulations can
reduce the large effort required to evaluate the flow of grain in handling operations. Published data on material and
interaction properties of selected grains and oilseeds relevant to discrete element method (DEM) modeling were reviewed.
Material properties include grain kernel shape, size, and distribution; Poisson's ratio; shear modulus; and density.
Interaction properties consist of coefficients of restitution, static friction, and rolling friction. Soybeans were selected as the
test material for DEM simulations to validate the model fundamentals using material and interaction properties. Single‐ and
multi‐sphere soybean particle shapes, comprised of one to four overlapping spheres, were compared based on DEM
simulations of bulk properties (bulk density and bulk angle of repose) and computation time. A single‐sphere particle model
best simulated soybean kernels in the bulk property tests. The best particle model had a particle coefficient of restitution of
0.6, particle coefficient of static friction of 0.45 for soybean‐soybean contact (0.30 for soybean‐steel interaction), particle
coefficient  of rolling friction of 0.05, normal particle size distribution with standard deviation factor of 0.4, and particle shear
modulus of 1.04 MPa.
Keywords. Barley, Canola, Corn, Discrete element method, Interaction properties, Material properties, Multi‐sphere
particle, Oats, Rice, Simulation, Single‐sphere particle, Sorghum, Soybeans, Sunflower, Wheat.
hysical characteristics are important in analyzing
the behavior of grains in handling operations (Moh‐
senin, 1986). Bulk handling behavior of the grains
can be studied experimentally, but large‐scale inves‐
tigations of grain flow can be expensive and time consuming.
On the other hand, computer simulations can reduce the large
effort required to evaluate the flow of grain in handling op‐
erations.
Recently, grain segregation and identity preservation op‐
erations have become important as grain handlers respond to
an increased use of specialty grain (Berruto and Maier, 2001;
Herrman et al., 2001, 2002). However, limited studies have
been conducted to quantify the commingling that may occur
during grain handling in grain elevators (Hurburgh, 1999; In‐
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gles et al., 2003, 2006) and with farm equipment (Greenlees
and Shouse, 2000; Hirai et al., 2006; Hanna et al., 2006).
Limited data on grain commingling during handling in grain
elevators (Ingles et al., 2003, 2006) make it difficult to accu‐
rately predict levels of impurities that would propagate
through grain handling systems. Thus, a validated mechanis‐
tic model for predicting grain commingling in various types
of elevator equipment will be valuable for extending the
knowledge of grain commingling beyond current experimen‐
tal studies.
Different modeling techniques such as continuum models
and discrete element models (Wightman et al., 1998) have
potential to simulate grain commingling in elevator equip‐
ment. The discrete element method (DEM) is considered one
of the most promising techniques to simulate movement of
individual particles (Wightman et al., 1998) such as grain
kernals in bucket elevator equipment. DEM is an explicit nu‐
merical scheme in which particle interaction is monitored
contact by contact and the motion of individual particles is
modeled (LoCurto et al., 1997b). This explicit scheme re‐
quires small time steps, resulting in potential problems with
developing realistic models that can run in a reasonable time
on available computers. The model must use a critical time
increment that achieves stability and simulates the true phys‐
ics with a manageable number of calculations (O'Sullivan
and Bray, 2004; Li et al., 2005).
Relevant grain physical properties must be known to accu‐
rately simulate grain handling operations. The objectives of
this study were (1) to review published physical properties of
grains and oilseeds needed to model grain commingling in
DEM, and (2) to develop and validate an appropriate particle
model for one test seed, soybeans, based on these physical
properties. Soybeans were chosen as the test seed due to their
almost spherical shape for simplicity of modeling. Addition-
P
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Table 1. Range of published physical properties of grains and oilseeds.
Parameters
Grain/Oilseed Kernels
Soybean Corn Wheat
Moisture content (% w.b.) 6.9‐16.7 [b, j, k, p, s, t, y, z] 6.7‐25.0 [e, f, h, k, s, y, z, aa] 6.2‐20.0 [e, f, g, k, s, y, z, aa]
Particle length (mm), l 7.0‐8.2 [q, s, t, y] 9.4‐20.3 [k, s, u, y, ac] 5.5‐7.3 [k, s, y]
Particle width (mm), w 6.1‐6.7 [q, s, t, y] 8.0‐16.4 [k, s, u, y, ac] 2.6‐3.8 [k, s, y]
Particle thickness (mm), h 5.5‐5.9 [q, s, t, y] 4.0‐12.8 [k, s, u, y, ac] 2.4‐3.5 [k, s, y]
Particle equivalent diameter (mm), de 6.0 [k, w] 8.0 [k] 3.6‐4.1 [k]
Particle radius (mm), re 3.0 [k, w] 4.0 [k] 1.8‐2.1 [k]
Particle mass (mg), m 100‐200 [q, r, s, t, y] 250‐349.7 [e, k, l, s, u, y] 26‐51 [k, l, r, s, y]
Particle volume (mm3), V 134.1‐152.8 [s] 274 [s] 18.5‐28.6 [s]
Particle density (kg m‐3), ρp 1130‐1325.2 [p, s, w, y, z] 1270‐1396.5 [k, s, y, z, ac] 1290‐1430 [k, s, y, z]
Bulk density (kg m‐3), ρb 705‐876 [i, p, s, y, z] 661‐810 [i, k, l, s, y, z] 690‐823.2 [i, k, l, s, y, z]
Particle Poisson ratio, ν 0.08‐0.4134 [j, q, t, w, y] 0.17‐0.4 [h, k, v, y, aa, ac] 0.16‐0.42 [g, y, aa]
Particle elastic modulus (MPa), E 31.2‐176.9 [j, t, w, y] 10.9‐2320 [h, v, y, aa, ac] 10‐2834 [g, y]
Particle shear modulus (MPa), G 13.3‐63.2 [j, t, w, y] 4.5‐828.6 [h, v, y, aa, ac] 4.2‐997.9 [g, y]
Particle restitution coefficient, e
Generic 0.5, 0.7 [w, q] ‐‐ ‐‐
With aluminum 0.6, 0.7 [p] ‐‐ ‐‐
With acrylic ‐‐ 0.59 [aa] ‐‐
Particle static friction coefficient, μs
With self (grain) 0.267, 0.55 [q, d, k] 0.52, 0.51 [a, d, k] 0.47, 0.53 [a, b, d, k]
With galvanized sheet (or sheet metal) 0.18‐0.27 [f, k, y] 0.20‐0.34 [f, k, y] 0.10‐0.44 [f, k, y]
With steel (or stainless steel) 0.223‐0.247, 0.37 [y, d, k] 0.235‐0.76 [a, d, e, k, v, y] 0.248‐0.55 [a, b, d, e, k, y]
With transparent perspex 0.30 [w] ‐‐ ‐‐
With aluminum 0.329, 0.366 [p] 0.226‐0.276 [v] ‐‐
With acrylic 0.326, 0.332 [p] 0.34 [t] ‐‐
With glass 0.327, 0.328 [p, q] ‐‐ ‐‐
Bulk angle of repose (°)
For filling or piling
(also called dynamic angle)
16 [d, k] 16 [d, k] 16 [d, k]
For emptying or funneling
(also called static angle)
29‐33 [d, k, y] 23.1‐34.7 [d, k, y] 23.8‐38.1 [d, k, y]
[a] Airy (1898) [k] Mohsenin (1986) [u] Watson (2003)
[b] Jamieson (1903) [l] Hoseney and Faubion (1992) [v] Chung et al. (2004)
[c] Kramer (1944) [m] Bilanski et al. (1994) [w] Raji and Favier (2004a, b)
[d] Stahl (1950) [n] Shroyer et al. (1996) [x] Calisir et al. (2005)
[e] Lorenzen (1957) [o] Gupta and Das (1997) [y] Molenda and Horabik (2005)
[f] Brubaker and Pos (1965) [p] LoCurto et al. (1997a, b) [z] ASABE Standards (2006a)
[g] Arnold and Roberts (1969) [q] Vu‐Quoc et al. (2000) [aa] ASABE Standards (2006b)
[h] Shelef and Mohsenin (1969) [r] McLelland and Miller (2001) [ab] Boyles et al. (2006)
[i] Henderson and Perry (1976) [s] Nelson (2002) [ac] Chung and Ooi (2008)
[j] Misra and Young (1981) [t] Zhang and Vu‐Quoc (2002)
ally, other major seeds with non‐spherical shapes (e.g., corn,
wheat) were also reviewed in this study. Their physical prop‐
erties can be used for future DEM modeling.
PHYSICAL PROPERTIES OF GRAINS AND
OILSEEDS
Different DEM models have used varying parameters for
simulation modeling. The most widely used parameters can
be divided into two categories: material properties and inter‐
action properties (Mohsenin, 1986; Vu‐Quoc et al., 2000;
Raji and Favier, 2004a, 2004b). Material properties may be
defined as intrinsic characteristics of the particle (i.e., grain
kernels) that is being modeled. Among material properties
critical as inputs in DEM modeling are shape, size distribu‐
tion, density, Poisson's ratio, and shear modulus. Interaction
properties are characteristics exhibited by the particle in
relation to its contact with boundaries, surfaces, and other
(orsame) particles. Interaction properties, vital in DEM
modeling, are coefficients of restitution, and static and roll‐
ing friction (LoCurto et al., 1997b; Chung et al., 2004). Grain
material and interaction properties available in the literature
are summarized in table 1.
PARTICLE SHAPE AND PARTICLE SIZE
Shape and size are inseparable physical properties in a
grain kernel. In defining shape, some dimensional parame‐
ters of the grain must be measured. Mohsenin (1986) and Nel‐
son (2002) reported measuring three orthogonally oriented
dimensions of 50 kernels randomly selected from a grain lot
to determine kernel shape and size. The volume was taken as
one of the parameters defining kernel shape, and the three
mutually perpendicular axes were taken as a measure of ker‐
nel size.
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Table 1 (continued). Range of published physical properties of grains and oilseeds.
Parameters
Grain/Oilseed Kernels
Grain Sorghum Rice Barley
Moisture content (% w.b.) 9.2‐11.2 [k, s, z] 8.6‐15.7 [c, d, k, s, z] 7.5‐20.0 [e, f, k, s, y, z]
Particle length (mm), l 4.3, 4.5 [k, s] 5.3‐8.9**, 7.6‐9.8 [k, s] 7.9‐10.9 [k, s, y]
Particle width (mm), w 4.1 [k, s] 2.1‐2.9**, 2.5‐3.6 [k, s] 2.9‐3.8 [k, s, y]
Particle thickness (mm), h 2.8, 3.4 [k, s] 1.7‐2.0**, 2.1‐2.5 [k, s] 2.2‐3.0 [k, s, y]
Particle equivalent diameter (mm), de 3.5 [k] 3.3‐3.5 [k] 3.7‐4.2 [k]
Particle radius (mm), re 1.8 [k] 1.7‐1.8 [k] 1.9‐2.1 [k]
Particle mass (mg), m 28‐33.2 [k, l, s] 17.5‐24.9**, 25‐29.1 [k, l, s] 25.1‐53.9 [k, s, y, z]
Particle volume (mm3), V 24.7 [s] 12‐18** [s] 19.7‐25.9 [s]
Particle density (kg m‐3), ρp 1220‐1344 [k, s, z] 1382‐1462, 1110‐1120, 1360‐1390 [k, s, z] 1130‐1420 [k, s, y, z]
Bulk density (kg m‐3), ρb 643.5‐775 [i, k, l, s, z] 641‐851, 579, 573.2‐579 [i, k, l, s, z] 566‐691 [i, k, l, s, y, z]
Particle Poisson ratio, ν ‐‐ ‐‐ 0.14‐0.20 [y]
Particle elastic modulus (MPa), E ‐‐ ‐‐ 8.0‐15.8 [y]
Particle shear modulus (MPa), G ‐‐ ‐‐ 3.3‐6.87 [y]
Particle restitution coefficient, e
Generic ‐‐ ‐‐ ‐‐
With aluminum ‐‐ ‐‐ ‐‐
With acrylic ‐‐ ‐‐ ‐‐
Particle static friction coefficient, μs
With self (grain) 0.65 [d, k] 0.68*, 0.73* [c, d, k] 0.51, 0.53 [a, d, k]
With galvanized sheet (or sheet metal) ‐‐ 0.40‐0.45* [c, k] 0.17‐0.352 [f, k, y]
With steel (or stainless steel) 0.37 [d, k] 0.48* [d, k] 0.226‐0.40 [a, d, e, k, y]
With transparent perspex ‐‐ ‐‐ ‐‐
With aluminum ‐‐ ‐‐ ‐‐
With acrylic ‐‐ ‐‐ ‐‐
With glass ‐‐ ‐‐ ‐‐
Bulk angle of repose (°)
For filling or piling
(also called dynamic angle)
20 [d, k] 20* [d, k] 16 [d, k]
For emptying or funneling
(also called static angle)
33 [d, k] 36* [d, k] 26.1‐32.9 [d, k, y]
[a] Airy (1898) [k] Mohsenin (1986) [u] Watson (2003) * Unhulled seed or paddy
[b] Jamieson (1903) [l] Hoseney and Faubion (1992) [v] Chung et al. (2004) ** Dehulled kernel
[c] Kramer (1944) [m] Bilanski et al. (1994) [w] Raji and Favier (2004a, b)
[d] Stahl (1950) [n] Shroyer et al. (1996) [x] Calisir et al. (2005)
[e] Lorenzen (1957) [o] Gupta and Das (1997) [y] Molenda and Horabik (2005)
[f] Brubaker and Pos (1965) [p] LoCurto et al. (1997a, b) [z] ASABE Standards (2006a)
[g] Arnold and Roberts (1969) [q] Vu‐Quoc et al. (2000) [aa] ASABE Standards (2006b)
[h] Shelef and Mohsenin (1969) [r] McLelland and Miller (2001) [ab] Boyles et al. (2006)
[i] Henderson and Perry (1976) [s] Nelson (2002) [ac] Chung and Ooi (2008)
[j] Misra and Young (1981) [t] Zhang and Vu‐Quoc (2002)
PARTICLE DENSITY
Particle density (ρp) of the grain is determined by measur‐
ing the volume occupied by the kernels in a known sample
weight, randomly taken from each grain lot. Nelson (2002)
measured the volume of an approximately 20 to 25 g sample
with a Beckman model 930 air‐comparison pycnometer. Ker‐
nel density was calculated by dividing the weighed mass by
the measured volume.
PARTICLE POISSON'S RATIO AND PARTICLE SHEAR
MODULUS
Poisson's ratio () is the absolute value of the ratio of
transverse strain (perpendicular to the axis) to the corre‐
sponding axial strain (parallel to the longitudinal axis) result‐
ing from uniformly distributed axial stress below the
proportional limit of the material (Mohsenin, 1986). Based
on Hooke's law and together with Poisson's ratio, shear mo‐
dulus or modulus of rigidity (G) for an elastic, homogenous,
and isotropic material is the ratio of the stress component tan‐
gential to the plane on which the forces acts (i.e., shear stress)
over its strain. Shear modulus defined in terms of Poisson's
ratio and Young's modulus or modulus of elasticity (E) is giv‐
en as follows (Mohsenin, 1986):
 
ν+
=
22
EG  (1)
Several values of Poisson's ratio and elastic or Young's
modulus for different grains and oilseeds were cited in the lit‐
erature (table 1).
PARTICLE COEFFICIENT OF RESTITUTION
Different methods have been used to determine the coeffi‐
cient of restitution, e (Sharma and Bilanski, 1971; Smith and
Liu, 1992; Yang and Schrock, 1994; LoCurto et al., 1997b).
LoCurto et al. (1997b) described e as the square root of the
total kinetic energy before (KEi) and after (KEr) colli-
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Table 1 (continued). Range of published physical properties of grains and oilseeds.
Parameters
Grain/Oilseed Kernels
Oats Sunflower Canola
Moisture content (% w.b.) 8.5‐20.0 [f, k, s, y, z] 3.9‐16.7 [o, s] 4.5‐19.3 [m, s, x, y, z]
Particle length (mm), l 10.2‐14.9 [k, s, y] 9.5*, 8.3**, 10.7+, 14.4++ [o, s] 1.6‐2.305 [s, x, y]
Particle width (mm), w 2.7‐3.1 [k, s, y] 5.1*, 4.1**, 5.2+, 8.1++ [o, s] 1.4, 1.7 [s, y]
Particle thickness (mm), h 2.1‐2.6 [k, s, y] 3.3*, 2.4**, 3.1+, 4.6++ [o, s] 1.7 [y]
Particle equivalent diameter (mm), de 3.5‐3.8 [k] 5.4*, 4.3** [o] 1.824‐2.0 [m, w, x]
Particle radius (mm), re 1.8‐1.9 [k] 2.7*, 2.15** [o] 0.9‐1.0 [m, w, x]
Particle mass (mg), m 28.1‐39.5 [k, l, s, y] 49*, 34**, 59.5‐126+, 115.8++ [o, r, s] 2.9‐6.6 [r, s, x, y]
Particle volume (mm3), V 21.4, 26.8 [s] 58.2+, 105.4++ [s] 2.7‐5.225 [s, x]
Particle density (kg m‐3), ρp 950‐1397 [k, s, y, z] 706‐765*, 1050‐1250**, 1023+, 1099++ [o, s] 1053‐1150 [w, s, y, z]
Bulk density (kg m‐3), ρb 412‐576 [k, l, s, y, z]
434‐462*, 574‐628**, 386‐412+, 309‐339++,
361.2 [n,
 
o,
 
s,
 
z] 640‐671 [s, y, z]
Particle Poisson ratio, ν 0.14‐0.21 [y] ‐‐ 0.09‐0.4 [m, w, y]
Particle elastic modulus (MPa), E 8.3‐20.6 [y] ‐‐ 5.7‐50.1 [m, w, y]
Particle shear modulus (MPa), G 3.52‐8.80 [y] ‐‐ 2.57‐17.9 [m, w, y]
Particle restitution coefficient, e
Generic ‐‐ ‐‐ 0.6 [w]
With aluminum ‐‐ ‐‐ ‐‐
With acrylic ‐‐ ‐‐ ‐‐
Particle static friction coefficient, μs
With self (grain) 0.53, 0.62 [a, d, k] ‐‐ 0.5 [w]
With galvanized sheet (or sheet metal) 0.18‐0.41 [f, k, y] 0.40‐0.58*, 0.43‐0.81** [o] 0.211‐0.322 [x, y]
With steel (or stainless steel) 0.233‐0.45 [a, d, k, y] ‐‐ 0.234‐0.301 [y]
With transparent perspex ‐‐ ‐‐ 0.30 [w]
With aluminum ‐‐ ‐‐ ‐‐
With acrylic ‐‐ ‐‐ ‐‐
With glass ‐‐ ‐‐ ‐‐
Bulk angle of repose (degree)
For filling or piling
(also called dynamic angle)
18 [d, k] ‐‐ ‐‐
For emptying or funneling
(also called static angle)
27.7‐35.1 [d, k, y] 34‐41*, 27‐38** [o] 22‐29.8 [y, ab]
[a] Airy (1898) [k] Mohsenin (1986) [u] Watson (2003) * Unhulled seed or paddy
[b] Jamieson (1903) [l] Hoseney and Faubion (1992) [v] Chung et al. (2004) ** Dehulled kernel
[c] Kramer (1944) [m] Bilanski et al. (1994) [w] Raji and Favier (2004a, b) + Oil type
[d] Stahl (1950) [n] Shroyer et al. (1996) [x] Calisir et al. (2005) ++ Non‐oil type
[e] Lorenzen (1957) [o] Gupta and Das (1997) [y] Molenda and Horabik (2005)
[f] Brubaker and Pos (1965) [p] LoCurto et al. (1997a, b) [z] ASABE Standards (2006a)
[g] Arnold and Roberts (1969) [q] Vu‐Quoc et al. (2000) [aa] ASABE Standards (2006b)
[h] Shelef and Mohsenin (1969) [r] McLelland and Miller (2001) [ab] Boyles et al. (2006)
[i] Henderson and Perry (1976) [s] Nelson (2002) [ac] Chung and Ooi (2008)
[j] Misra and Young (1981) [t] Zhang and Vu‐Quoc (2002)
sions that did not involve tangential frictional losses. They
measured e values of soybeans impacting different surfaces
at varying drop heights and moisture contents. The e values
decreased with increased moisture content and drop height,
and contact with aluminum gave the highest value. Drop and
rebound heights were measured only from those soybeans
that fell with minimal rotation and whose rebound trajecto‐
ries were almost vertical (90% ±1.6% to the plate). This was
different from the results of Yang and Schrock (1994), which
involved cases of grain kernels with and without rotation. As‐
suming no loss of energy except during contact, the e value
was computed as the ratio of the square root of the initial
height of drop (Hi) and the height of rebound (Hr) (LoCurto
et al., 1997b; Zhang and Vu‐Quoc, 2002):
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PARTICLE COEFFICIENT OF STATIC FRICTION
The coefficient of friction () is the ratio of the force of
friction (F) to the force normal to the surface of contact (W).
Frictional forces acting between surfaces at rest with respect
to each other and those existing between surfaces in relative
motion are, respectively, called forces of static and kinetic
friction. Static and kinetic coefficients of friction can be de‐
noted by s and k, respectively (Mohsenin, 1986). Published
coefficients of static friction of grain‐on‐grain and grain‐on‐
surfaces such as sheet metal, stainless steel, acrylic, alumi‐
num, and glass are listed in table 1. Static friction of
soybean‐steel contact is 67% of that of soybean on itself
(Stahl, 1950).
PARTICLE COEFFICIENT OF ROLLING FRICTION
The coefficient of rolling friction (r) is defined as the ra‐
tio of the force of friction to the force normal to the surface
of contact that prevents a particle from rolling. Rolling fric‐
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tion or resistance can be a couple (or pure moment) that may
be transferred between the grains via the contacts, and this
couple resists particle rotations (Jiang et al., 2005) without
affecting translation. It may exist even at contacts between
cylindrical  grains (Bardet and Huang, 1993). The concept of
taking into account rolling resistance at particle contacts is an
alternative approach in DEM modeling to establish contact
laws related to particle rotation (Jiang et al., 2005), instead
of using non‐spherical particles to inhibit particle rolling and
produce a realistic rolling behavior (Rothenburg and Ba‐
thurst, 1992; Sawada and Pradhan, 1994; Ting et al., 1995;
Ullidtz, 1997; Thomas and Bray, 1999; Ng, 2001; Mirghase‐
mi et al., 2002; Mustoe and Miyata, 2001). In the micro‐
mechanical model of Jiang et al. (2005), only the normal
basic element, composed of a spring and dashpot in parallel
with a divider series, contributes to rolling resistance at grain
contact. Rolling resistance directly affects only the angular
motion and not the translational motion of grains.
Zhou et al. (2002) investigated the effect of rolling friction
on the angle of repose of coarse glass beads. They included
coefficients of rolling friction with a base value of 0.05
(range: 0 to 0.1) on particle‐to‐particle contact and twice that
value for particle‐wall contact in their simulations. The au‐
thors found that increasing both rolling frictions increased
the angle of repose. This is due to a large resistance force to
the rotational motion of spheres providing an effective mech‐
anism to consume the kinetic energy, stop the rotational mo‐
tion, and lead to the formation of a “sand pile” with high
potential energy (Zhou et al., 1999).
BULK DENSITY
Bulk density (ρb) is the ratio of the mass to a given volume
of a grain sample including the interstitial voids between the
particles (Hoseney and Faubion, 1992; Gupta and Das, 1997).
In the U.S., bulk density or test weight per bushel is the
weight (in lb) per Winchester bushel (2,150.42 in.3) as deter‐
mined using an approved device (USDA GIPSA, 2004). The
USDA GIPSA (2004) method involves allowing a sufficient
amount of grain from a hopper, suspended two inches above,
to overflow the test weight kettle; leveling the kettle by three
full‐length, zigzag motions with a stroker; and weighing the
grain from the kettle with an appropriate scale. Several ρb
values for grains and oilseeds were found in the literature
(table 1).
BULK ANGLE OF REPOSE
Bulk angle of repose () is defined as the angle with the
horizontal at which bulk granular materials will stand when
piled (Mohsenin, 1986; Hoseney and Faubion, 1992). At least
two angles of repose are commonly defined, namely the static
angle of repose and the dynamic angle of repose. Various au‐
thors referred to the static and dynamic angles of repose as,
respectively, angle of repose in emptying or funneling and
angle of repose for filling or piling (Stahl, 1950; Caughey et
al., 1951; Mohsenin, 1986). The dynamic angle of repose is
generally smaller than the static angle of repose by at least 3°
to 10° (Fowler and Wyatt, 1960).
It is generally believed that the emptying or static angle of
repose and the angle of internal friction are approximately the
same (Mohsenin, 1986; Walton, 1994). The angle of repose
is a useful estimate of the internal angle of friction when co‐
hesion is low (Lambe and Whitman, 1969) as for most free‐
flowing agricultural grains. Fowler and Chodziesner (1959)
noted that when the “relative roughness factor” in their equa‐
tion is equal to unity (i.e., materials are sliding over them‐
selves) and is zero (i.e., smooth surface), the angle of repose
is equal to the angle of friction and is independent of the di‐
ameter of the granular material.
Some factors affecting angle of repose include frictional
forces generated by the grain flowing against itself, distribu‐
tion of weight throughout the grain mass, and moisture con‐
tent of the grain (Hoseney and Faubion, 1992). The angle of
repose is also influenced by the friction coefficient between
the particles and the material of the base plate, heap size, par‐
ticle size and distribution, particle density, and vibration
(Kalman et al., 1993).
There are several methods for measuring angle of repose.
Three common methods mentioned in the literature are injec‐
tion method, discharge method, and tilting method (Linoya
et al., 1990; Kalman et al., 1993). Two common ways to im‐
plement the injection method are constant height and
constant base (Fowler and Wyatt, 1960; Kalman et al., 1993;
Fraczek et al., 2007). The discharge method is also called the
emptying method (Fraczek et al., 2007). The revolving cylin‐
der and tilting box are both used in the tilting method (Kram‐
er, 1944; Train, 1958; Fowler and Wyatt, 1960; Burmistrova
et al., 1963; Kalman et al., 1993). The revolving cylinder is
also used for measuring the dynamic angle of repose (Train,
1958; Fowler and Wyatt, 1960; Kalman et al., 1993). Another
method used for measuring dynamic angle of repose is the
Brown and Richards (1959) method.
Fraczek et al. (2007) encountered problems in measuring
angle of repose using injection and discharge methods. These
methods are based on the assumption that the mounted granu‐
lar slope acquires a cone shape, but results of experimental
measurements often contradicted this assumption. Depend‐
ing on the properties of the granular materials, the following
deviations from the cone shape were usually observed:
truncation of the top, and convexity and concavity of slope.
The authors recommended using digital‐image analysis for a
more precise measurement of angle of repose. Deviations
from the cone shape increased with increasing moisture con‐
tent of the material, as was also noted by other authors (Hora‐
bik and Lukaszuk, 2000). However, the more spherical the
materials,  the more regular will be the cone that forms.
Zhou et al. (2002) found that the angle of repose of mono‐
sized coarse glass spheres is significantly affected by sliding
and rolling frictions, particle size, and container thickness,
but not density, Poisson's ratio, damping coefficient, or
Young's modulus. The authors observed that the angle of re‐
pose increases with increasing rolling or sliding friction coef‐
ficients and with decreasing particle size or container
thickness. However, container thickness larger than a critical
value (about a 20‐particle diameter) gives a constant angle of
repose corresponding to a situation without any wall effects.
This was shown by simulation results with periodic bound‐
aries applied to opposite walls of the container. Periodic
boundary conditions enable any particle leaving the domain
in that direction to instantly re‐enter on the opposite side
(DEM Solutions, 2009), simulating infinite length in that di‐
rection and thereby eliminating wall friction. In addition, the
effect of particle size was mainly the result of its effect on
rolling friction and not on sliding friction.
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Table 2. Moisture‐dependent properties of soybean kernels.
Parameters
Moisture Content (% w.b.)
6.9 7.0 7.1 8.0 8.1 9.7 9.8
Particle length (mm), l ‐‐ ‐‐ ‐‐ 8.2[f] ‐‐ 7.3[e] ‐‐
Particle width (mm), w ‐‐ ‐‐ ‐‐ 6.6[f] ‐‐ 6.1[e] ‐‐
Particle thickness (mm), h ‐‐ ‐‐ ‐‐ 5.6f] ‐‐ 5.5[e] ‐‐
Particle equivalent diameter (mm), de ‐‐ ‐‐ ‐‐ ‐‐ ‐‐ ‐‐ ‐‐
Particle radius (mm), re ‐‐ ‐‐ ‐‐ ‐‐ ‐‐ ‐‐ ‐‐
Particle mass (mg), m ‐‐ ‐‐ ‐‐ 185.0[f] ‐‐ 149.0[e] ‐‐
Particle volume (mm3), V ‐‐ ‐‐ ‐‐ ‐‐ ‐‐ ‐‐ ‐‐
Particle density (kg m‐3), ρp 1180[g] 1130[g] ‐‐ 1325.2[f] ‐‐ ‐‐ ‐‐
Bulk density (kg m‐3), ρb ‐‐ ‐‐ ‐‐ 739 ±3[f] ‐‐ ‐‐ ‐‐
Particle Poisson ratio, ν ‐‐ ‐‐ ‐‐ 0.15 ±0.02[f] ‐‐ 0.4134[e] ‐‐
Particle elastic modulus (MPa), E ‐‐ ‐‐ ‐‐ 32.6 ±1.4[f] ‐‐ 128.8[e] ‐‐
Particle shear modulus (MPa), G = E/(2 + 2ν) ‐‐ ‐‐ ‐‐ 13.33‐15.04[f] ‐‐ 45.56[e] ‐‐
Particle restitution coefficient
With aluminum ‐‐ ‐‐ ‐‐ ‐‐ ‐‐ ‐‐ ‐‐
With self (grain) ‐‐ ‐‐ ‐‐ ‐‐ ‐‐ ‐‐ ‐‐
Particle static friction coefficient
With galvanized sheet metal ‐‐ ‐‐ 0.21[b] 0.23‐0.27[f] 0.21[b] ‐‐ 0.18[b]
With stainless steel ‐‐ ‐‐ ‐‐ 0.223‐0.247[f] ‐‐ ‐‐ ‐‐
With aluminum ‐‐ ‐‐ ‐‐ ‐‐ ‐‐ ‐‐ ‐‐
With acrylic ‐‐ ‐‐ ‐‐ ‐‐ ‐‐ ‐‐ ‐‐
With glass ‐‐ ‐‐ ‐‐ ‐‐ ‐‐ ‐‐ ‐‐
Bulk angle of repose (°)
For emptying or funneling
(also called static angle)
‐‐ ‐‐ ‐‐ 32.5 ±0.5[f] ‐‐ ‐‐ ‐‐
[a] Misra and Young (1981)
[b] Mohsenin (1986, p. 801); Brubaker and Pos (1965)
[c] LoCurto et al. (1997a, 1997b)
[d] Nelson (2002)
[e] Zhang and Vu‐Quoc (2002)
[f] Molenda and Horabik (2005)
[g] ASABE Standards (2006a).
Published angles of repose of grains and oilseeds for fill‐
ing or piling and for emptying or funneling were found in the
literature (table 1).
MODELING WITH DEM
DEM is a numerical modeling technique that simulates
dynamic motion and mechanical interactions of each particle
using Newton's second law of motion and a force‐
displacement  law. In DEM modeling, particle interactions
are treated as a dynamic process, which assumes that equilib‐
rium states develop whenever internal forces in the system
balance (Theuerkauf et al., 2007). Contact forces and dis‐
placements of a stressed particle assembly are found by track‐
ing the movement of individual particles. Newton's law of
motion gives the relationship between particle motion and
the forces acting on each particle. Particles interact only at
contact points, with their motion independent of the other
particles. The soft‐sphere approach commonly used in DEM
models allows the particles to overlap, giving realistic de‐
formation at contact areas. These overlaps representing local
deformation at contacts are small in comparison to the par‐
ticle size. Force‐displacement laws at the contacts are based
on Hertzian contact theory (Mindlin, 1949; Mindlin and Der‐
esiewicz, 1953; Tsuji et al., 1992; Di Renzo and Di Maio,
2004, 2005). Normal and tangential forces, velocities, and re‐
lated parameters are described by appropriate equations from
mechanics of particles (Tsuji et al., 1992; DEM Solutions,
2009; Remy et al., 2009).
Table 1 lists published values of the physical properties for
soybean, corn, wheat, grain sorghum, rice, barley, oat, sun‐
flower, and canola seeds. Table 2 lists the moisture‐
dependent characteristics of soybeans, and table 3 is a
summary of published and representative values of material
and interaction properties of soybeans. Selected representa‐
tive values of material properties (i.e., particle density, par‐
ticle Poisson's ratio, and particle shear modulus) and
interaction properties (i.e., particle coefficient of restitution
and particle coefficient of static friction) were used as base
values, which are used as inputs to DEM modeling. The DEM
modeling software used was EDEM 2.1.2 (DEM Solutions,
Lebanon, N.H.). A range of each of these five physical prop‐
erties was investigated in DEM simulations of basic physical
property tests, using four particle shapes.
In this study, DEM simulations were conducted with varying
physical properties of soybean kernels, based on values in the
literature, to find property combinations that gave simulation re‐
sults that correlate well with measured bulk properties of soy‐
beans while maintaining or improving computational speed.
Thus, an appropriate particle model was established for DEM
simulations of soybean handling operations.
The following input parameters were included: (1) par‐
ticle coefficient of restitution, (2) particle coefficient of static
friction, (3) particle coefficient of rolling friction, (4) particle
size distribution (PSD), (5) particle shear modulus, and
1207Vol. 53(4): 1201-1216
Table 2 (continued). Moisture‐dependent properties of soybean kernels.
Parameters
Moisture Content (% w.b.)
10.0 10.7 12.2 13.0 13.4 15.5 16.7
Particle length (mm), l 7.0[d] ‐‐ ‐‐ ‐‐ 7.1[d] ‐‐ 7.3[d]
Particle width (mm), w 6.6[d] ‐‐ ‐‐ ‐‐ 6.6[d] ‐‐ 6.7[d]
Particle thickness (mm), h 5.7[d] ‐‐ ‐‐ ‐‐ 5.7[d] ‐‐ 5.9[d]
Particle equivalent diameter (mm), de ‐‐ ‐‐ ‐‐ ‐‐ ‐‐ ‐‐ ‐‐
Particle radius (mm), re ‐‐ ‐‐ ‐‐ ‐‐ ‐‐ ‐‐ ‐‐
Particle mass (mg), m 167.6[d] ‐‐ ‐‐ ‐‐ 173.9[d] ‐‐ 189.5[d]
Particle volume (mm3), V 134.1[d] ‐‐ ‐‐ ‐‐ 139.1[d] ‐‐ 152.8[d]
Particle density (kg m‐3), ρp 1250[d] ‐‐ ‐‐ ‐‐ 1250[d] ‐‐ 1243[d]
Bulk density (kg m‐3), ρb 723[d] 876[c] ‐‐ ‐‐ 712[d] 850[c] 705[d]
Particle Poisson ratio, ν 0.4[a] ‐‐ ‐‐ 0.4[a] ‐‐ ‐‐ ‐‐
Particle elastic modulus (MPa), E 176.9[a] ‐‐ ‐‐ 112.7[a] ‐‐ ‐‐ ‐‐
Particle shear modulus (MPa), G = E/(2 + 2ν) 63.18[a] ‐‐ ‐‐ 40.25[a] ‐‐ ‐‐ ‐‐
Particle restitution coefficient
With aluminum ‐‐ 0.7[c] ‐‐ ‐‐ ‐‐ 0.6[c] ‐‐
With self (grain) ‐‐ 0.267[c] ‐‐ ‐‐ ‐‐ 0.339[c] ‐‐
Particle static friction coefficient
With galvanized sheet metal ‐‐ ‐‐ 0.20[b] ‐‐ ‐‐ ‐‐ ‐‐
With stainless steel ‐‐ ‐‐ ‐‐ ‐‐ ‐‐ ‐‐ ‐‐
With aluminum ‐‐ 0.366, 0.329[c] ‐‐ ‐‐ ‐‐ 0.395, 0.375[c] ‐‐
With acrylic ‐‐ 0.326, 0.332[c] ‐‐ ‐‐ ‐‐ 0.344, 0.357[c] ‐‐
With glass ‐‐ 0.327, 0.328[c] ‐‐ ‐‐ ‐‐ 0.344, 0.359[c] ‐‐
Bulk angle of repose (°)
For emptying or funneling
(also called static angle)
‐‐ ‐‐ ‐‐ ‐‐ ‐‐ ‐‐ ‐‐
[a] Misra and Young (1981)
[b] Mohsenin (1986, p. 801); Brubaker and Pos (1965)
[c] LoCurto et al. (1997a, 1997b)
[d] Nelson (2002)
[e] Zhang and Vu‐Quoc (2002)
[f] Molenda and Horabik (2005)
[g] ASABE Standards (2006a).
(6)particle shape (i.e., particle composed of from one to four
overlapping spheres). Table 4 lists the variations in input pa‐
rameters and includes test combination codes for the parame‐
ters: (1st digit) particle coefficient of restitution, (2nd digit)
particle coefficient of static friction, (3rd digit) particle coef‐
ficient of rolling friction, (4th digit) particle size distribution
(PSD), and (5th digit) particle shear modulus.
The base value (represented by 1 in the test combination
codes) of the particle coefficient of restitution was 0.6, which
is the mean of published values. The second and third e val‐
ues, which were 0.3 and 0.9, respectively, were chosen as ex‐
treme values inclusive of the published range (from 0.5 to
0.7).
The base value of the particle coefficient of static friction
on soybean‐soybean contact was 0.55, which was adapted
from Stahl (1950) and Mohsenin (1986). The s for soybean‐
steel interaction, which was adapted from the same authors,
was computed to be 67% of the base value for soybean‐
soybean contact. This percentage was used every time the
value of the s for soybean‐soybean contact was changed.
The second and third s values for soybean‐soybean contact,
which were 0.35 and 0.75, respectively, were chosen to pro‐
vide a useful test range.
For particle coefficient of rolling friction, the base value
assumed in the simulation was 0.1, which was twice that of
Zhou et al. (2002) for coarse glass beads. The second and
third r values were 0.05 and 0.2 to cover a useful range of
r values inclusive of the base value.
For PSD, fixed or uniform size distribution was used as the
base value; normal PSD with a standard deviation factor
(SDF) of 0.2 was second; and normal PSD with SDF of 0.4
was third. The second SDF value (0.2) was obtained from the
coefficient of variation of single‐kernel mass from ten soy‐
bean lots (table 5). This SDF value was derived from mass
distribution. To correctly use this SDF value based on mass
in the particle size distribution, the SDF and mean factor were
included in the simulation by volume and not by diameter, to
correctly account for the cubic relation of volume (and mass)
to length.
The base value for particle shear modulus was the mean
of the published values (41.7 MPa). Typically, shear modulus
values do not greatly affect results, but smaller values of
shear modulus are known to reduce computational time
(Chung and Ooi, 2008; Remy et al., 2009); thus, the variation
of shear modulus was toward lower values. The second value
chosen was the lowest limit of the range of published shear
modulus for soybeans (13.8 MPa). The very low third value
(1.04 MPa), computed using the particle Young's modulus
(2.6 MPa) from Remy et al. (2009) and the base value of the
particle Poisson's ratio for soybeans (0.25), was selected for
the potential to significantly reduce computation times.
Table 6 shows the test combinations of the five parameters
used with the 1‐sphere particle shape. Simulations using test
combination 11111 were performed with the 2‐, 3‐, and
4‐sphere particle shapes.
Four particle shapes were evaluated to represent soybean
kernels (fig. 1). Particle shape was defined using one to four
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Table 3. Published properties of soybeans and their selected representative values.
Marked representative values (*) were used as base values in simulation.
Parameters Range Representative Value
Moisture content (% w.b.) 6.9‐16.7 [b, d, e, f, i, j, l, m] ‐‐
Particle length (mm), l 7.0‐8.2 [g, i, j, l] 7.6 [g, i, j, l]
Particle width (mm), w 6.1‐6.7 [g, i, j, l] 6.4 [g, i, j, l]
Particle thickness (mm), h 5.5‐5.9 [g, i, j, l] 5.7 [g, i, j, l]
Particle equivalent diameter (mm), de 6 [e, k] 6 [e, k]
Particle radius (mm), re 3 [e, k] 3 [e, k]
Particle mass (mg), m 100‐200 [g, h, i, j, l] 150 [g, h, i, j, l]
Particle volume (mm3), V 134.1‐152.8 [i] 143.5 [i]
Particle density (kg m‐3), ρp 1130.0‐1325.2 [i, k, l, m] 1228* [i, k, l, m]
Bulk density (kg m‐3), ρb 705.0‐876.0 [c, f, i, l, m] 790.5 [c, f, i, l, m]
Particle Poisson ratio, ν 0.08‐0.4134 [d, g, j, k, l] 0.25* [d, g, j, k, l]
Particle elastic modulus (MPa), E 31.2‐176.9 [d, j, k, l] 104.1 [d, j, k, l]
Particle shear modulus (MPa), G = E/(2 + 2ν) 13.8‐63.2 [d, j, k, l] 41.7* [d, j, k, l]
Particle restitution coefficient, e
With self (grain) ‐‐ 0.60* [f, g, k]
Generic 0.5, 0.7 [k, g] ‐‐
With aluminum 0.6, 0.7 [f] ‐‐
With steel ‐‐ 0.60* [f, g, k]
Particle static friction coefficient, μs
With self (grain) 0.267, 0.55 [a, e, g] 0.55* [a, e]
With galvanized sheet metal 0.18‐0.27 [b, e, l] ‐‐
With steel 0.223‐0.247, 0.37 [a, e, l] 0.37* [a, e]
With transparent perspex 0.30 [k] ‐‐
With aluminum 0.329, 0.366 [f] ‐‐
With acrylic 0.326, 0.332 [f] ‐‐
With glass 0.327, 0.328 [f, g] ‐‐
Particle rolling friction coefficient
With self (grain) ‐‐ 0.10* assume
With steel ‐‐ 0.10* assume
Bulk angle of repose (°)
For filling or piling (also called dynamic angle) 16 [a, e] 16 [a, e]
For emptying or funneling (also called static angle) 29‐33 [a, e, l] 31 [a, e, l]
[a] Stahl (1950) [f] LoCurto et al. (1997a, 1997b) [j] Zhang and Vu‐Quoc (2002)
[b] Brubaker and Pos (1965) [g] Vu‐Quoc et al. (2000) [k] Raji and Favier (2004a, 2004b)
[c] Henderson and Perry (1976) [h] McLelland and Miller (2001) [l] Molenda and Horabik (2005)
[d] Misra and Young (1981) [i] Nelson (2002) [m] ASAE Standards (2006a)
[e] Mohsenin (1986)
Table 4. Variation of input parameters.
Parameter Symbol Base Value (1) Second Value (2) Third Value (3)
1. Particle coefficient of restitution e 0.60 0.30 0.90
2. Particle coefficient of static friction
Soybean‐soybean μs  (so‐so) 0.55 0.35 0.75
Soybean‐steel μs  (so‐st) 0.37 0.23 0.50
3. Particle coefficient of rolling friction
(soybean‐soybean is assumed same as soybean‐steel)
μr 0.10 0.05 0.20
4. Particle size distribution PSD Fixed or uniform Normal Normal
Mean factor MF 1.0 1.0 1.0
Standard deviation factor SDF 0.0 0.20 0.40
5. Particle shear modulus (MPa) G 41.7 13.8 1.04
overlapping spheres. Overlapping spheres allow the creation
of complex particle shapes but require increased computa‐
tion times because each sphere in the shape requires individu‐
al calculation at each time step (LoCurto et al., 1997b; Raji
and Favier, 2004b). Thus, a 1‐sphere geometry is desirable
based on computation time if particle physics can be ade‐
quately addressed without a more complex shape. Geometry
and dimension (length, width, and thickness) of the 4‐sphere
model were based on the soybean model of LoCurto et al.
(1997b) and Vu‐Quoc et al. (2000), with slight differences in
dimension to fit soybeans' published base values for particle
density and particle volume (table 3).
Table 7 shows basic physical properties of the four particle
shapes and positions of their spheres employed in the simula‐
tion. The position of each sphere in the x, y, and z directions
composing a particle shape is needed to define the particle
shape in the simulation. Positions of the 1‐, 2‐, and 3‐sphere
1209Vol. 53(4): 1201-1216
Table 5. Experimental data for standard deviation factor (SDF) for particle size distribution.[a]
Lot Variety Source Location Planted
Crop
Year
No. of
Kernels
Weighed
Single Kernel Mass
(mg) CV
(%)Mean SD
1 9A411NRR Kauffman Seeds Reno County, Kansas 2008 55 144.24 25.41 17.62
2 9A385NRS Kauffman Seeds Reno County, Kansas 2007 50 112.85 20.14 17.85
3 KS‐5005sp KSU Agronomy Farm Riley County, Kansas 2007 51 221.40 40.00 18.06
4 KS‐3406RR KSU Agronomy Farm Riley County, Kansas 2007 55 132.97 26.14 19.66
5 KS‐4607 KSU Agronomy Farm Riley County, Kansas 2007 51 157.34 31.16 19.80
6 KS‐4702sp KSU Agronomy Farm Riley County, Kansas 2007 56 122.64 26.12 21.29
7 Mixed (100 lb) Manhattan Farmers Co‐op Northeastern Kansas 2007 53 149.48 32.07 21.46
8 Mixed (7080 lb) Manhattan Farmers Co‐op Northeastern Kansas 2007 53 149.91 32.35 21.58
9 KS‐5002N (4RL9542) KSU Agronomy Farm Riley County, Kansas 2004 55 157.42 34.39 21.84
10 KS‐4103sp (4RL4976) KSU Agronomy Farm Riley County, Kansas 2004 56 124.19 28.46 22.91
Mean 53.50 147.24 29.62 20.21
SD 2.22 30.27 5.57 1.88
[a] An SDF value of 0.2 was taken from the mean coefficient of variation (CV) of individually weighed soybean kernels.
Table 6. Test combinations of input parameters.[a]
Particle
Shape Test
Test Combinations
Particle
Restitution
Coefficient[b]
Particle
Static Friction
Coefficient[c]
Particle
Rolling Friction
Coefficient[d]
Particle
Size
Distribution[e]
Particle
Shear
Modulus[f]
1‐sphere 1 1 1 1 1 1
2 2 1 1 1 1
3 3 1 1 1 1
4 1 2 1 1 1
5 1 3 1 1 1
6 1 1 2 1 1
7 1 1 3 1 1
8 1 1 1 2 1
9 1 1 1 3 1
10 1 1 1 1 2
11 1 1 1 1 3
2‐sphere 12 1 1 1 1 1
3‐sphere 13 1 1 1 1 1
4‐sphere 14 1 1 1 1 1
[a] Refer to table 4 for complete interpretation.
[b] 1 stands for e = 0.6, 2 stands for e = 0.3, and 3 stands for e = 0.9.
[c] 1 stands for μs  (so‐so) = 0.55, μs  (so‐st) = 0.37; 2 stands for μs  (so‐so) = 0.35, μs (so‐st) = 0.23; and 3 stands for μs (so‐so) = 0.75, μs (so‐st) = 0.50.[d] 1 stands for μr = 0.1, 2 stands for μr = 0.05, and 3 stands for μr = 0.2.[e] 1 stands for uniform particle size, 2 stands for normal PSD with standard deviation factor (SDF) = 0.2, and 3 stands for normal PSD with SDF = 0.4.
[f] 1 stands for G = 41.7 MPa, 2 stands for G = 13.8 MPa, and 3 stands for G = 1.04 MPa.
particle shapes were modified to match the volume and par‐
ticle density of the 4‐sphere particle shape.
Preliminary accuracy tests for the particle coefficient of
restitution were performed for all test combinations by simu‐
lating the dropping of 50 soybean particles from a height of
151 mm onto a flat steel surface. The height was based on the
drop tests of LoCurto et al. (1997b) for soybeans. Drop and
rebound heights were extracted from the simulation only
from those particles with rebound trajectories that were verti‐
cal, based on the criteria of LoCurto et al. (1997b). The simu‐
lated rebound heights were used to calculate particle
coefficients of restitution. The calculated particle coeffi‐
cients of restitution were compared to input coefficients of
restitution, which gave an indication of the simulation accu‐
racy.
BULK DENSITY TEST
The bulk density test was based on the USDA GIPSA
(2004) procedure for test‐weight‐per‐bushel apparatus
(fig.2). Dimensions of the inside diameter and height of the
kettle were 117.475 mm (4.625 in.) and 101.60 mm (4.0 in.),
respectively. The test weight kettle was drawn in a computer‐
aided design (CAD) software (DS SolidWorks Corp., Con‐
cord, Mass.) and imported to establish model geometries in
the simulation software. The hopper above the kettle was also
drawn with the standard 31.75 mm (1.25 in.) opening and a
standard distance from the kettle of 50.8 mm (2.0 in.) (USDA
GIPSA, 1996).
Particles coming from the hopper dropped to fill the kettle.
Excess particles were allowed to overflow. Simulation time
for each test combination was between 20 to 120 s, depending
on the time the kettle was filled and the particles stopped
flowing. Simulation time was determined by the particles sta‐
bilizing on top of the kettle and the kinetic energy of the
whole system approaching zero.
To determine the bulk density (ρb, kg m‐3), only the total
mass of particles filling the kettle (mp, kg) was computed
from the simulation. The mass of piled particles on top and
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(a)
     
(b)
(c)
     
(d)
Figure 1. Particle shapes of soybean in the simulation: (a) 1‐sphere model, (b) 2‐sphere model, (c) 3‐sphere model, and (d) 4‐sphere model (drawn in
EDEM Academic software).
Table 7. Properties of the four particle shapes or models and positions (x, y, z) of each sphere in EDEM.
Parameter
Particle Shape
1‐Sphere 2‐Sphere 3‐Sphere 4‐Sphere
Length of soybean (mm) lb 6.496 7.59550 7.47559 7.62495
Width of soybean (mm) wb 6.496 5.70175 6.69106 6.19774
Height of soybean (mm) hb 6.496 5.69847 5.50168 5.51348
Radius of sphere (mm), R 3.248 2.85 2.75 2.75
Volume (m3) Vb 1.4350E‐07 1.4350E‐07 1.4350E‐07 1.4350E‐07
Mass (kg) mb 0.0001763 0.0001762 0.0001762 0.0001762
Particle density (kg m‐3) μb 1228.0 1228.0 1228.0 1228.0
Position (x, y, z) Surface 1 (0, 0, 0) (0, 0, 0) (0, 0, 0) (0, ‐0.35, 0)
Surface 2 ‐‐ (0, 0, 1.89) (0, 0, 1.975) (0, 0.35, 0)
Surface 3 ‐‐ ‐‐ (0, 0.8, 0.9875) (0, 0, 1.062)
Surface 4 ‐‐ ‐‐ ‐‐ (0, 0, ‐1.062)
outside of the kettle was excluded in the calculation. The cal‐
culated mass of particles inside the kettle was divided by the
volume of the kettle (Vk, m3) to compute the bulk density, as
shown in the following equation:
 
k
p
b V
m
=ρ
 (3)
The mean bulk density for three replications for each test
combination was also computed.
BULK ANGLE OF REPOSE TEST
The tilting box method was employed to simulate the bulk
angle of repose test of soybean particles in DEM (fig. 3). The
tilting box method (Kramer, 1944; Burmistrova et al., 1963;
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(a)
        
(b)
Figure 2. Bulk density tests in simulation: (a) empty test weight (TW) kettle and (b) full TW kettle.
(a)
        
(b)
Figure 3. Bulk angle of repose test in simulation: (a) particle mode and (b) vector mode.
Train, 1958; Kalman et al., 1993), a static method, was chosen
for DEM simulations of bulk angle of repose of soybean par‐
ticles (fig. 3) because it is easier to model with the discrete ele‐
ment method than the alternatives. In addition, alternatives such
as injection and discharge methods were avoided because of the
problems and questions that arise when they are used (Fraczek
et al., 2007; Kalman et al., 1993). A box measuring 240 × 120
× 40 mm was drawn and filled with soybean particles in the
simulation. Train (1958) recommended that the width of the box
be at least one‐third of its length to reduce wall effects. In this
simulation, the width was one‐half of the length, which satisfied
Train's recommendation.
Moreover, periodic boundaries were used on opposite
sides of the simulation box (in the direction of the width =
120mm). Periodic boundary conditions enable any particle
leaving the domain in that direction to instantly re‐enter on
the opposite side, simulating infinite length in that direction
and, thereby eliminating wall friction. Base friction was also
removed by ensuring that the base of the box had the same
frictional coefficients as that of the particles.
After 0.15 s of filling the box up to the rim, the box was
then tilted at a constant angular velocity (b) of 90° s‐1 until
particles begin to move, and then the simulation was stopped
after 0.65 to 0.85 s depending on the test combinations being
evaluated.  The time when the particles at the top layers began
to move was recorded, t, which allowed calculation of the
bulk angle of repose () of the soybeans based on the angular
velocity of the tilting box. The equation is given by:
 bt ω×=θ θ  (4)
Both the individual particle motions and the vectors of the
particle motions were evaluated to determine the start of par‐
ticle movement. The mean bulk angle of repose for seven rep‐
lications for each test combination was calculated.
DATA ANALYSIS
Mean, standard deviation, and percentage difference from
expected input and published values were determined from
the coefficient of restitution, bulk angle of repose, and bulk
density tests. The simulation results were compared with the
literature values based on their percentage differences. Test
combinations having simulation results best correlating with
the literature values were chosen to simulate soybeans in on‐
going simulations of grain commingling.
RESULTS AND DISCUSSION
In choosing the best particle model for soybeans, tradeoffs
between the three criteria (bulk density, bulk angle of repose,
and computation time) were required. The initial particle
models were also revised by combining and refining input pa‐
rameters that performed well in the initial tests.
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Table 8. Results of bulk density and bulk angle of repose tests for initial test combinations.
Parameter Combination
Bulk Density (kg m‐3) Bulk Angle of Repose (°)
Simulation
Value[a]
Published
Value
%
Difference
Simulation
Value[a]
Published
Value
%
Difference
Restitution[b] 1s_11111 (e = 0.6) 669.00 (1.60) 720.72 ‐7.18 31.50 (0.35) 31.0 1.61
1s_21111 (e = 0.3) 660.39 (0.77) 720.72 ‐8.37 32.31 (0.82) 31.0 4.23
1s_31111 (e = 0.9) 687.12 (0.93) 720.72 ‐4.66 37.17 (0.47) 31.0 19.91
Static friction[c] 1s_11111 (μs = 0.55) 669.00 (1.60) 720.72 ‐7.18 31.50 (0.35) 31.0 1.61
1s_12111 (μs = 0.35) 678.30 (2.00) 720.72 ‐5.89 31.50 (1.25) 31.0 1.62
1s_13111 (μs = 0.75) 665.67 (3.03) 720.72 ‐7.64 37.35 (1.47) 31.0 20.49
Rolling friction[d] 1s_11111 (μr = 0.1) 669.00 (1.60) 720.72 ‐7.18 31.50 (0.35) 31.0 1.61
1s_11211 (μr = 0.05) 680.08 (0.33) 720.72 ‐5.64 30.52 (0.50) 31.0 ‐1.54
1s_11311 (μr = 0.2) 656.61 (0.72) 720.72 ‐8.89 35.28 (0.98) 31.0 13.81
Size distribution[e] 1s_11111 (SDF = 0) 669.00 (1.60) 720.72 ‐7.18 31.50 (0.35) 31.0 1.61
1s_11121 (SDF = 0.2) 668.51 (0.28) 720.72 ‐7.24 29.30 (0.48) 31.0 ‐5.48
1s_11131 (SDF = 0.4) 670.60 (2.89) 720.72 ‐6.95 32.64 (1.10) 31.0 5.31
Shear modulus[f] 1s_11111 (G = 41.7 MPa) 669.00 (1.60) 720.72 ‐7.18 31.50 (0.35) 31.0 1.61
1s_11112 (G = 13.8 MPa) 671.44 (2.25) 720.72 ‐6.84 31.45 (0.50) 31.0 1.45
1s_11113 (G = 1.04 MPa) 679.93 (0.28) 720.72 ‐5.66 32.75 (0.66) 31.0 5.65
Particle shape[g] 1s_11111 669.00 (1.60) 720.72 ‐7.18 31.50 (0.35) 31.0 1.61
2s_11111 675.55 (0.95) 720.72 ‐6.27 29.28 (0.29) 31.0 ‐5.56
3s_11111 673.89 (1.05) 720.72 ‐6.50 29.12 (0.55) 31.0 ‐6.06
4s_11111 672.53 (0.59) 720.72 ‐6.69 29.42 (1.18) 31.0 ‐5.10
[a] Values in parentheses are standard deviations.
[b] 1st digit: 1 stands for e = 0.6, 2 stands for e = 0.3, and 3 stands for e = 0.9.
[c] 2nd digit: 1 stands for μs  (so‐so) = 0.55, μs  (so‐st) = 0.37; 2 stands for μs  (so‐so) = 0.35, μs  (so‐st) = 0.23; and 3 stands for μs  (so‐so) = 0.75, μs  (so‐st) = 0.50.[d] 3rd digit: 1 stands for μr = 0.1, 2 stands for μr = 0.05, and 3 stands for μr = 0.2.[e] 4th digit: 1 stands for uniform particle size, 2 stands for normal PSD with standard deviation factor (SDF) = 0.2, 
and 3 stands for normal PSD with SDF = 0.4.
[f] 5th digit: 1 stands for G = 41.7 MPa, 2 stands for G = 13.8 MPa, and 3 stands for G = 1.04 MPa.
[g] 1s = 1‐sphere, 2s = 2‐sphere, 3s = 3‐sphere, and 4s = 4‐sphere.
In the preliminary accuracy tests, the input parameter was
the particle coefficient of restitution, and the output calcu‐
lated from the rebound height had the same particle coeffi‐
cient of restitution values. All test combinations with the base
particle coefficient of restitution of 0.6 had percent devi‐
ations ranging from 0.68% to 1.77%. When the restitution co‐
efficient was varied (cases 21111 and 31111), the percent
deviation from the input value ranged from 0.25% to 7.6%.
The 0.25% deviation was obtained from the test combination
with the highest particle coefficient of restitution (0.9), and
the 7.6% deviation was from the combination with the lowest
particle coefficient of restitution (0.3). Thus, only artificially
low values of coefficient of restitution caused excessive ac‐
curacy issues, and these low values were not pursued further
for the particle models.
BULK DENSITY TEST
Bulk density increased with the coefficient of restitution
but decreased with coefficients of static and rolling friction
(table 8). Apparently, a high coefficient of restitution trans‐
fers more kinetic energy, so the impact tends to compact the
particles in the kettle, leading to higher bulk density.
Wider size distributions increased bulk density, as ob‐
served from test combinations 11121 to 11131. This may be
explained by the increasing standard deviation factor (from
0.2 to 0.4) in the particle size distribution, which increases the
smaller particles in the normal size distribution. These small
particles were filling the voids between large particles, there‐
by increasing the bulk density.
Simulations involved fixed particle size within each par‐
ticle shape. Particle density and mass were constant among
particle shapes. Results showed that bulk density decreased
as the number of spheres in a particle shape increased, except
for the case of 1‐sphere particle shape. This is likely because
a 4‐sphere particle shape occupies a slightly higher volume
than a 2‐sphere particle shape, which creates more void
spaces in the kettle and slightly decreases the bulk density.
In general, the simulations resulted in lower bulk densities
than the published values. Test combinations 31111, 12111,
11211, 11131, and 11113 for 1‐sphere particle shape and
11111 for 2‐sphere particle shape gave bulk densities closer
to the literature value of 720.72 kg m‐3.
BULK ANGLE OF REPOSE TEST
Static and rolling friction coefficients affect the bulk angle
of repose. In general, as the static and rolling friction coeffi‐
cients increased so did the bulk angle of repose in the simula‐
tion (table 8). This observation was similar to that of Zhou et
al. (2002) and Walton (1994).
The greater the number of spheres in a particle model, the
higher the bulk angle of repose. Walton and Braun (1993) and
Walton (1994) found increasing values of dynamic angle of
repose as spheres increased from mono to cubic (8‐sphere).
Simulation results of static angle of repose, however, did not
exactly agree with those authors' findings. This was likely
due to the constant volume of the four particle models tested
in the simulation, which generated almost the same particle
size even though the number of spheres in a particle model
increased, unlike the previous authors observed. The
1‐sphere particle shape showed a very high bulk angle of re‐
pose, whereas the 3‐sphere particle shape gave the lowest
angle. The 4‐sphere particle shape had a higher bulk angle of
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Table 9. Results of bulk density and bulk angle of repose tests for possible best test combination.
Combination
Bulk Density (kg m‐3) Bulk Angle of Repose (°)
Simulation
Value[a]
Expected
Value
%
Difference
Simulation
Value[a]
Expected
Value
%
Difference
Second iteration[b]
1s_12233 (μs = 0.35) 697.90 (1.76) 720.7 ‐3.17 28.54 (0.58) 31.0 ‐7.94
1s_11231 (μs = 0.55, G = 41.7 MPa) 682.37 (1.50) 720.7 ‐5.32 31.54 (0.53) 31.0 1.74
1s_11232 (μs = 0.55, G = 13.8 MPa) 682.47 (1.58) 720.7 ‐5.31 32.15 (0.72) 31.0 3.70
1s_11233 (μs = 0.55, G = 1.04 MPa) 685.09 (5.65) 720.7 ‐4.94 31.90 (0.68) 31.0 2.90
1s_14231 (μs = 0.58, G = 41.7 MPa) 680.74 (1.64) 720.7 ‐5.55 33.14 (0.40) 31.0 6.90
1s_14232 (μs = 0.58, G = 13.8 MPa) 681.77 (1.27) 720.7 ‐5.40 31.03 (0.48) 31.0 0.11
1s_14233 (μs = 0.58, G = 1.04 MPa) 690.47 (0.60) 720.7 ‐4.20 33.45 (1.01) 31.0 7.90
1s_41111 (e = 0.7) 671.77 (1.36) 720.7 ‐6.79
1s_51111 (e = 0.8) 679.45 (0.68) 720.7 ‐5.73
Third iteration[b]
1s_12233 (μs = 0.35) 697.90 (1.76) 720.7 ‐3.17 28.54 (0.58) 31.0 ‐7.94
1s_17233 (μs = 0.40) 695.39 (0.83) 720.7 ‐3.51 29.01 (0.36) 31.0 ‐6.42
1s_16233 (μs = 0.45) 693.73 (1.15) 720.7 ‐3.74 30.89 (0.53) 31.0 ‐0.36
1s_15233 (μs = 0.50) 693.58 (1.82) 720.7 ‐3.77 31.20 (0.45) 31.0 0.66
1s_11233 (μs = 0.55) 685.09 (5.65) 720.7 ‐4.94 31.90 (0.68) 31.0 2.90
1s_14233 (μs = 0.58) 690.47 (0.60) 720.7 ‐4.20 33.45 (1.01) 31.0 7.90
[a] Values in parentheses are standard deviations.
[b] Particle shape: 1s = 1‐sphere.
Particle coefficient of restitution: 1 stands for e = 0.6, 4 stands for e = 0.7, and 5 stands for e = 0.8.
Particle coefficient of static friction: 1 stands for μs  (so‐so) = 0.55, μs  (so‐st) = 0.37; 2 stands for μs  (so‐so) = 0.35, μs  (so‐st) = 0.23; 4 stands for μs  (so‐so) = 0.58, 
μs  (so‐st) = 0.39; 5 stands for μs  (so‐so) = 0.50, μs  (so‐st) = 0.34; 6 stands for μs  (so‐so) = 0.45, μs  (so‐st) = 0.30; and 7 stands for μs  (so‐so) = 0.40, μs  (so‐st) = 0.27.
Particle coefficient of rolling friction: 1 stands for μr = 0.1, and 2 stands for μr = 0.05.
Particle size distribution (PSD): 1 stands for uniform particle size, and 3 stands for normal PSD with SDF = 0.4.
Particle shear modulus: 1 stands for G = 41.7 MPa, 2 stands for G = 13.8 MPa, and 3 stands for G = 1.04 MPa.
repose than the 2‐sphere shape, which agreed with the pub‐
lished trend of Walton's group (table 8).
Bulk angle of repose increased for wider size distribution
(i.e., from PSD with SDF = 0.2 to that with SDF = 0.4). This
result for static angle agreed with the experimental findings
of Zenz (1957) for dynamic angle of repose.
For 1‐sphere particle models, test combinations 11111,
12111, 11211, 11131, and 11112 gave closer values to the pub‐
lished bulk angle of repose (31°). For multi‐sphere particle
models, results of test combination 11111 for the 4‐sphere
shape were closest to the published angles of repose. This test
combination, however, did not vary much from test combina‐
tion 11111 for 2‐ and 3‐sphere shapes.
BEST‐CORRELATED PARTICLE MODELS
In general, multi‐sphere particle shapes did not give prom‐
ising results in the bulk property tests. During initial testing
(table 8), combination 31111 with the highest particle coeffi‐
cient of restitution (0.9) resulted in the closest bulk density
(687.12 kg m‐3) to published values (720.72 kg m‐3). Howev‐
er, the angle of repose of the bulk materials from this test
combination (37.17°) was higher than the literature value
(31°). The high bulk density may be explained by the high co‐
efficient of restitution of the particle in the parameter mix of
that test combination. A high coefficient of restitution trans‐
fers more kinetic energy, so the impact tends to compact the
particles in the kettle, leading to high bulk density. The high
density at which the particles are compacted fills the void
spaces, which also led to a high angle of repose, as shown in
the results in table 8.
In a second iteration, modified testing was performed to
determine whether lowering the particle coefficients of resti‐
tution (to 0.7 or 0.8) would result in a more desirable bulk
angle of repose, yet still maintain bulk density close to the lit‐
erature value. Bulk density tests, including coefficients of
restitution of 0.7 (test combination 4111) and 0.8 (test com‐
bination 5111), resulted in values of 671.77 and 679.45 kg
m‐3, respectively (table 9). These values, however, were low‐
er than the bulk density values of test combinations 11211
(680.08 kg m‐3) and 11113 (679.93 kg m‐3) from the initial
testing (table 8); thus, they were not tested for bulk angle of
repose. For bulk angle of repose, test combinations 11112
(31.45°) and 11211 (30.52°) yielded values closest to the
published value, with percent deviations of 1.45% and
‐1.54%, respectively.
With tradeoffs between bulk density and bulk angle of re‐
pose, test combination 11211 gave the best correlated coeffi‐
cients of restitution, static friction, and rolling friction, which
were 0.6, 0.55 (for soybean‐soybean; 0.37 for soybean‐steel),
and 0.05, respectively (table 8). However, test combination
11211 did not include size distribution of the particles be‐
cause it only represented uniform or fixed particle sizes.
Thus, the normal PSD with SDF of 0.4 was chosen because
test combination 11131 performed better than 11121 in the
bulk density and bulk angle of repose tests. For particle shear
modulus, test combination 11113 (G = 1.04 MPa) did better
in the bulk density test, while test combination 11112 (G =
13.8 MPa) did best in the bulk angle of repose test (table 8).
Both particle shear moduli were included in the second itera‐
tion, together with the highest shear modulus (G = 41.7 MPa),
to determine how these shear moduli performed when com‐
bined with the other parameters (i.e., coefficients of restitu‐
tion, rolling and static friction, and PSD). The second
iteration also included the second particle coefficient of static
friction of 0.35 (for soybean‐soybean; 0.23 for soybean‐
steel), which was in 12111 due to this test combination's bulk
density being higher than that of 11112.
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Table 10. Effects of shear modulus and particle shape (number of spheres) on computational time.
Parameter Combination
Bulk Density Test Bulk Angle of Repose Test
Computational
Time[a]
% Time Diff.
from 1s_11111
Computational
Time[a]
% Time Diff.
from 1s_11111
Shear modulus[b] 1s_11111 (G = 41.7 MPa) 0.40 (0.004) 0.00 1.05 (0.02) 0.00
1s_11112 (G = 13.8 MPa) 0.23 (0.002) ‐42.58 0.64 (0.04) ‐38.64
1s_11113 (G = 1.04 MPa) 0.06 (0.001) ‐86.29 0.23 (0.01) ‐78.03
Particle shape[b] 1s_11111 0.40 (0.004) 0.00 1.05 (0.02) 0.00
2s_11111 0.78 (0.002) 92.78 1.36 (0.10) 29.55
3s_11111 1.16 (0.002) 185.77 1.73 (0.05) 65.15
4s_11111 1.65 (0.017) 307.53 2.24 (0.08) 113.64
[a] Actual hours per second in simulation time (values in parentheses represent standard deviations).
[b] Particle shape: 1s = 1‐sphere, 2s = 2‐sphere, 3s = 3‐sphere, and 4s = 4‐sphere.
Particle coefficient of restitution: 1 stands for e = 0.6.
Particle coefficient of static friction: 1 stands for μs  (so‐so) = 0.55, μs  (so‐st) = 0.37.
Particle coefficient of rolling friction: 1 stands for μr = 0.1.
Particle size distribution (PSD): 1 stands for uniform particle size.
Particle shear modulus: 1 stands for G = 41.7 MPa, 2 stands for G = 13.8 MPa, and 3 stands for G = 1.04 MPa.
In the second iteration, test combinations 12233 and
14233, with particle coefficients of static friction of 0.35 and
0.58, respectively, produced the best values for bulk density.
The bulk angles of repose results, however, were poor for
those combinations (table 9). A third iteration was performed
using test combinations with particle coefficients of static
friction between 0.35 and 0.58. This iteration determined
which particle coefficient of static friction would give the
highest bulk density while maintaining the best possible val‐
ue for bulk angle of repose. The third iteration revealed that
the best parameter mix was test combination 16233, which
included particle coefficients of restitution, static friction for
soybean‐soybean (soybean‐steel), and rolling friction of 0.6,
0.45 (0.30), and 0.05, respectively; PSD with SDF of 0.4; and
particle shear modulus of 1.04 MPa (table 9).
In addition, test combination 16233 reduced the computa‐
tional time (Chung and Ooi, 2008; Remy et al., 2009) due to
the low particle shear modulus (G = 1.04 MPa). The lowest
shear modulus reduced computation time by 86% and 78%,
respectively, in bulk density and bulk angle of repose tests
(table 10). Table 10 also shows the effect of particle shape;
the smaller the number of spheres in a particle shape, the
greater the time savings.
SUMMARY AND CONCLUSION
Material and interaction properties of various grains and
oilseeds relevant to discrete element modeling (DEM) were
reviewed. Material properties were particle shape and size,
particle Poisson's ratio, particle shear modulus, and particle
density. Interaction properties included particle coefficients
of restitution, static friction, and rolling friction. Published
values were used to establish base values for simulation mod‐
eling. Single‐ and multi‐sphere soybean particle models,
comprised of one to four overlapping spheres, were
compared based on DEM simulations of two bulk properties:
bulk density and bulk angle of repose.
A single‐sphere particle model best simulated soybean
kernels in the bulk property tests. The best particle model in‐
cluded a particle coefficient of restitution of 0.6, particle co‐
efficient of static friction of 0.45 for soybean‐soybean
contact (0.30 for soybean‐steel interaction), particle coeffi‐
cient of rolling friction of 0.05, normal particle size distribu‐
tion with a standard deviation factor of 0.4, and particle shear
modulus of 1.04 MPa. To optimize the simulated bulk proper‐
ties, most parameters in this particle model varied only a
small amount from the base values obtained from the litera‐
ture. However, the particle shear modulus was set artificially
low since that increased simulation speed without negatively
impacting the simulation of bulk properties. This particle
model will be used to simulate soybeans in grain handling
and commingling studies in bucket elevator equipment.
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